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Three-dimensional (3D) seismic, borehole and geochemical data reveal a prolonged phase of post-rift 
magmatism on highly extended crust of the Baiyun Sag, South China Sea. Two volcanic complexes are 
identiﬁed and described in the context of continental rifting and diachronous continental breakup of the 
South China Sea. Biostratigraphic data from exploration wells BY7-1 and BY2, complemented by K–Ar
datings from core samples, conﬁrm that magmatic activity in the Baiyun Sag occurred in two main 
stages: (1) a ﬁrst episode at the base of the Miocene (23.8 Ma); and (2) a second episode occurring 
at the end of the Early Miocene (17.6 Ma). The relative location of volcanic complexes in the Baiyun Sag, 
and their stratigraphic position, reveals prolonged magmatism inboard of the ocean–continent transition 
zone during continental breakup. We suggest that magmatism in the Baiyun Sag reﬂects progressive 
continental breakup in the South China Sea, with the last volcanic episode marking the end of a breakup 
sequence representing the early post-rift tectonic events associated with the continental breakup process. 
Seismic and borehole data from this breakup sequence records diachronous magma emplacement and 
complex changes in depositional environments during continental breakup.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Divergent continental margins record along- and across-strike 
variations in the absolute values of crustal stretching (β), geom-
etry of rift-related faults, and extent of magmatic activity (e.g. 
Lister et al., 1986; Reston, 2007; Huismans and Beaumont, 2008;
Franke, 2013). Along-strike variations are documented in the form 
of contrasting subsidence histories of adjacent segments of diver-
gent margins prior to, during, and after continental breakup, which 
is usually diachronous in the direction of ocean opening (Pindell et 
al., 2014). Magmatism can also vary in magnitude and extent, at 
places overprinting syn-rift topography to form vast regions with 
seaward-dipping reﬂections, or SDRs (Mutter et al., 1982). In other 
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0012-821X/© 2016 The Authors. Published by Elsevier B.V. This is an open access article segments of the same margin, volcanism is sparse and associated 
with speciﬁc syn-rift structures, as in the case of West Iberia-
Newfoundland (Manatschal and Bernoulli, 1999; Whitmarsh et 
al., 2001). Divergent continental margins are thus often classiﬁed 
as ‘volcanic’ or ‘non-volcanic’ (or magma-rich and magma-poor) 
depending on the relative expression of volcanism they present 
(White and McKenzie, 1989; Franke, 2013).
Recent interpretations take into account a wider spectrum of 
divergent margins in terms of their magmatic histories (Franke, 
2013). In the South China Sea (SCS), spatial and temporal varia-
tions in rifting and continental breakup, and distinct syn-rift and 
post-rift histories across different crustal segments of the SCS, re-
sulted in contrasting magmatic and subsidence histories (Franke, 
2013). Comprising one of the largest marginal seas in the west-
ern Paciﬁc (∼3,500,000 km2), the SCS records syn-rift and early 
post-rift extension in continental-slope basins (Li et al., 2013). Con-under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
80 F. Zhao et al. / Earth and Planetary Science Letters 445 (2016) 79–91Fig. 1. Geological framework of the South China Sea region. (b) Location map showing the study area and main sedimentary basins in the South China Sea. The SCS consists 
of Northwest, East, and Southwest Sub-basins. The dashed white line is the continent–ocean boundary as deﬁned by geophysical and drilling studies. Magmatic anomalies 
are from Briais et al. (1993). The locations of ODP Site 1148 and IODP Site U1435 are labelled in this ﬁgure. COB, continent–ocean boundary.tinental breakup was diachronous across the SCS and associated 
with the propagation of seaﬂoor spreading towards the southwest 
(Briais et al., 1993; Franke, 2013; Li et al., 2014) (Fig. 1b). Such a 
diachroneity in continental breakup resulted in a variety of ages for 
the breakup unconformity, each recording the onset of extension 
and breakup in distinct segments of the SCS (Fig. 2). To the north-
east, close to Taiwan, a breakup unconformity was identiﬁed and 
correlated with a depositional hiatus between 37 Ma and 30 Ma 
(Lin et al., 2003). A correlative unconformity, dated as ∼33 Ma at 
IODP Site U1435, represents the earliest regional seaﬂoor spread-
ing in the study area, and marks an important change in re-
gional depositional settings (Li et al., 2014; Fig. 2). Another un-
conformity (∼23.8 Ma) at ODP Site 1148 documents the onset of 
seaﬂoor spreading in the Southwest Sub-basin (Wang et al., 2000;
Li et al., 2014) (Fig. 2). The age of this unconformity ﬁts well a
breakup-related hiatus at 22–23 Ma recognised in the Qiongdong-
nan Basin (Zhou et al., 1995) (Fig. 2).
Acknowledging the existence of disparate syn- to post-rift evo-
lutions on adjacent continental margins, Soares et al. (2012, 2014)
proposed breakup sequences to comprise the complete seismic and 
stratigraphic expression of lithospheric breakup and associated tec-
tonic movements. Soares et al. (2012) questioned this concept 
based on the discovery that rifting and ﬁnal continental breakup 
occurred in two distinct stages of lithospheric stretching. The in-
terpretation of breakup sequences involves the detailed recogni-
tion of unconformities (and their correlative surfaces) that bound 
strata deposited during the tectonic events associated with the 
continental breakup process, along distinct segments of a newly 
formed margin. In contrast, the classic deﬁnition of ‘breakup un-
conformity’ (e.g. Falvey, 1974) implies the generation, at the time 
of crustal breakup and onset of oceanic crust accretion, of a 
basin-wide unconformity between syn-rift and post-rift strata (e.g. Kyrkjebø et al., 2004; Whitmarsh and Wallace, 2001; Withjack et 
al., 1998).
In this work, 3D seismic interpretation techniques, borehole 
wireline and sidewall core data are used to examine the nature 
of volcanic mounds in the Baiyun Sag, a sub-basin of the PRMB, 
providing new insights on magma emplacement mechanisms in 
deep-water basins. In summary, this paper addresses the follow-
ing research questions:
a) What is the importance and extent of volcanism inboard of the 
regions where continental breakup occurred in the northern 
SCS?
b) What is the timing of such volcanism in relation to rifting and 
continental breakup in the northern SCS?
c) What palaeobathymetric and subsidence histories are expected 
in the areas where important volcanism is observed during 
continental breakup?
2. Geological setting
The Baiyun Sag, located south of the PRMB, developed during 
the Early Paleogene to Early Miocene in association with conti-
nental rifting and seaﬂoor spreading in the SCS (Sun et al., 2008;
Li et al., 2013). The timing of seaﬂoor spreading in the SCS has re-
cently been revised using data collected at IODP Site U1435, from 
33 Ma to 15 Ma in the Northeast Sub-basin, and from 23.6 Ma to 
16 Ma in the Southwest Sub-basin (Li et al., 2014) (Fig. 2). Bio-
stratigraphic, magnetic and subsidence data suggest that seaﬂoor 
spreading in the SCS started during the Early Oligocene, be-
fore terminating in the Late Oligocene (Zhou et al., 1995; Taylor 
and Hayes, 1983; Li et al., 2014). In the deep-offshore Baiyun 
and Liwan Sags, local uplift events relate to the generation of 
a late Oligocene (30 Ma) unconformity. However, much younger 
F. Zhao et al. / Earth and Planetary Science Letters 445 (2016) 79–91 81Fig. 2. Lithostratigraphic chart comparing the Pearl River Mouth Basin with strata crossed by ODP site 1148 (modiﬁed from Li et al., 2006). The table shows the main 
lithostratigraphic units and associated tectonic events in the study area, together with breakup-related hiatuses from the northern and central SCS (Lin et al., 2003; Zhou et 
al., 1995; Wang et al., 2000; Li et al., 2014; Taylor and Hayes, 1983; Franke, 2013). SB – Sub-basin; TD – total depth; fm – formation.(Miocene) subsidence is still recorded in the Baiyun Sag in re-
sponse to progressive continental breakup towards the southwest 
(Xie et al., 2014).
Inboard of the Baiyun Sag, the evolution of the PMRB records 
three main stages (Yu, 1994): (1) an early stage of continental 
rifting and onset of subsidence (Late Cretaceous–Early Oligocene); 
(2) a transitional stage recording widespread faulting, subsidence 
and deposition within distinct sub-basins (Late Oligocene–Early 
Miocene); and (3) a post-rift stage of basin inﬁll occurring after 
the Early Miocene (Fig. 2). Outboard of the continental shelf, pre-
vious studies have revealed faulted crustal blocks typical of highly 
extended continental crust (Nissen et al., 1995; Hu et al., 2009;
Lester et al., 2014). Following rifting, continental crust in the deep-
offshore Baiyun Sag was thinned rapidly to <7 km under the rift 
axis, and a large number of low-angle faults were developed from 
the Early Oligocene (∼32 Ma) to Late Miocene (∼5.5 Ma), or even 
later (Hu et al., 2009; Sun et al., 2014a, 2014b).
This work considers continental breakup in the Baiyun Sag 
started during the Nanhai Event, which occurred at the Early 
Oligocene (Li et al., 2014; Sun et al., 2008; Fig. 2). The Baiyun Event 
took place at ∼23 Ma, corresponding to a jump in ocean spreading 
from the Northeast to the Southwest Sub-basin (Sun et al., 2008; 
Fig. 1). A third tectonic pulse, the Dongsha Event occurred in the 
Late Miocene (10.5 Ma) and ceased around the Miocene/Pliocene 
boundary (5.5 Ma) (Lüdmann and Wong, 1999). As a result of this 
evolution, the Cenozoic succession in the Baiyun Sag comprises 
Eocene to Quaternary strata (Fig. 2).
Geological and geophysical studies have provided evidence for 
the moderate magmatism in the SCS, which exhibits characteristics 
of both magma-rich and magma-poor margins (Franke, 2013). Ev-
idence of SDRs characteristic of magma-rich margins has not been 
found, but geophysical data (ESP, MCS and OBS) from the north-
ern slope of SCS reveals a high velocity layer (HVL) in the lower 
crust. This HVL is likely related to underplating or magma em-
placement, but the timing of this event is still uncertain (Fig. 3a) 
(Shi et al., 2005; Lester et al., 2014; Gao et al., 2015). In the Pearl River Mouth Basin (PRMB), there is widespread evidence 
for Cenozoic and Quaternary volcanism on borehole, gravity, mag-
netic and low-resolution 2D/3D seismic data (Fig. 3a). Initially, 
widespread magmatism occurred in the PRMB with a bimodal 
character between 64 and 32 Ma (Yan et al., 2006), i.e. before 
seaﬂoor spreading began in the Northeast Sub-basin (Li et al., 
2014). A second magmatic episode, Oligocene–Middle Miocene in 
age, resulted in widespread intrusion along faults, which fed maﬁc 
and intermediate extrusive material on a relatively small scale 
(Yan et al., 2006). Recently, a large number of Lower Miocene 
intrusive and extrusive ediﬁces were identiﬁed throughout SCS 
e.g., at the PRMB, Phu Khanh Basin and offshore Taiwan, and 
were interpreted as post-rift magmatic bodies (Yan et al., 2006;
Zhao et al., 2014; Sun et al., 2014a, 2014b; Lester et al., 2014) 
(Figs. 1b and 3a).
3. Data and methods
This study uses 3D seismic data acquired in the Baiyun Sag by 
the China National Offshore Oil Corporation (Fig. 3b). The inter-
preted 3D seismic volume covers an area of ∼8000 km2 in water 
depths of 100 m to 2500 m. Seismic acquisition used 3000-m long 
streamers with 240 channels, a geometry that produced a 3D seis-
mic data with a bin size of 12.5 m. In this work, volcanic mounds 
are mapped using two-way travel time (TWT) structural and co-
herency maps. Coherency maps measure waveform similarity, i.e., 
how a trace is similar to its neighbouring traces (Brown, 2004). 
The coherence maps were based on the ‘semblance method’ of 
Hale (2013). In our work, semblances are computed from small 
numbers (3 in 2D, 3 × 3 1/4 9 in 3D) of adjacent seismic traces, 
by aligning traces so that coherent reﬂections become horizon-
tal. In addition, the seismic-based method used in this paper 
takes into account the ‘post-intrusion’ distribution of sedimen-
tary strata in the Baiyun Sag with onlapping terminations onto 
volcanic mounds, and forced folds above igneous complexes, con-
straining the relative timing of volcanism (e.g. Trude et al., 2003;
Planke et al., 2005; Sun et al., 2014a, 2014b).
82 F. Zhao et al. / Earth and Planetary Science Letters 445 (2016) 79–91Fig. 3. (a) Overview map of the northern South China Sea showing main sedimentary sub-basins (BYS, LWS), syn-rift and post-rift volcanics identiﬁed in Yan et al. (2006). 
The study area is marked by the red box. The locations of boreholes BY7-1 and BY2 are labelled in the ﬁgure. Yellow dashed lines mark the locations of previous expanding 
spread proﬁles (ESP), ocean bottom seismograph (OBS) and multi-channel seismic (MCS) proﬁles (OBS-T3 from Lester et al. (2014); OBS-2001 from Wang et al. (2006); ESP-E 
are from Nissen et al. (1995). L1 from Gao et al. (2015) identiﬁed the high velocity layer (HVL) referred to in the text. The white and purple rectangles mark the location 
of igneous complexes identiﬁed in the Baiyun Sag. (b) Depth contour map of the seaﬂoor illustrating the distribution of volcanic mounds in the study area. The locations 
of ﬁgures are labelled. Green dashed boxes highlight the location of Volcanic Complexes I and II. These two complexes have a NW–SE orientation and cover an area of 
approximately 3000 km2. BYS – Baiyun Sag; LWS – Liwan Sag; ESP – expanding spread proﬁle; MCS – multi-channel seismic proﬁle; OBS – ocean bottom seismograph. (For 
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)Borehole BY2 and BY7-1 drilled mudstones with an internal 
P-wave velocity of 2800 m/s around and above the imaged vol-
canic ediﬁces. The dominant frequency of sediments surrounding 
the volcanic ediﬁces is 35 Hz, resulting in a vertical resolution of 
20 m. A measured interval P-wave velocity of 4500 m/s within the 
volcanic ediﬁces implies a vertical seismic resolution of 32 m. An 
estimated P-wave velocity of 5500 m/s (Skogly, 1998) for the in-
trusive sills suggests a vertical seismic resolution of ∼39 m. These 
values were used to calculate the depth of intrusive and extrusive 
igneous bodies.
Regional lithostratigraphic units interpreted in this work follow 
the nomenclature used by the China National Offshore Oil Corpo-
ration (CNOOC). Additional age and sedimentological information 
is based on samples collected in wells BY2 and BY7-1. As a result, 
eight major stratigraphic boundaries have been interpreted in the 
study area and named as Tg, T7, T6, T5, T4, T3, T2 and T1 (Fig. 2).
4. Regional seismic stratigraphy
Seismic proﬁles and borehole data were used to interpret the 
seismic-stratigraphy of the Baiyun Sag (Figs. 4–8). We identi-
ﬁed four main units: Unit 1 (oldest) to Unit 4 (youngest). These units correlate with distinct depositional environments and tec-
tonic phases.
Units 1 to 4 are bounded by four regional unconformities 
(Figs. 4–8): (1) Horizon Tg marks the ﬁrst identiﬁable uncon-
formity and the top of the Mesozoic basement, (2) the Early 
Oligocene ‘breakup unconformity’ (T7) records the onset of seaﬂoor 
spreading on the northern margin of the SCS (Briais et al., 1993;
Li et al., 2013; Franke, 2013), (3) the Late Oligocene–Early Miocene 
unconformity (T6) represents the opening of the Southwest Sub-
basin (Wang et al., 2000; Li et al., 2014), and (4) Horizon T5, 
which represents the top of volcanic complexes and carbonate in-
tervals and comprises the regional unconformity marking the end 
of seaﬂoor spreading.
4.1. Unit 1 (Pre-rift basement)
The Mesozoic Unit 1 is topped by Horizon Tg and is charac-
terised by chaotic, discontinuous internal reﬂections. Unit 1 shows 
a deep erosional surface at its base (Figs. 4 and 8). The horizon 
(Tg) represents the top of pre-rift strata and forms the base of the 
wedge-shaped syn-rift strata. Unit 1 is composed of Lower Palaeo-
zoic metamorphic rocks and Mesozoic igneous and sedimentary 
F. Zhao et al. / Earth and Planetary Science Letters 445 (2016) 79–91 83Fig. 4. (a) Regional seismic line showing intrusive and extrusive features in Volcanic Complexes I (VC I) and II (VC II). Key seismic horizons and seismic units are also 
shown. Horizons T2, T4 and T6 correspond to the base of Upper Miocene, Middle Miocene and Lower Miocene strata, respectively. Well BY7-1 is shown as a red solid line 
penetrating mound M1. Note that mounded structures sit over two unconformities (T6, T5) and present variations in their height and diameter. (b) Schematic interpretation 
of (a) highlighting the location of igneous complexes in the Baiyun Sag. TM – top mound reﬂection; BM – base of mound; SU – Sub-unit. See location in Fig. 3b. (For 
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)units, most of which were deposited in ﬂuvial and lacustrine envi-
ronments (Li and Rao, 1994; Fig. 2).
4.2. Unit 2 (Paleocene–Early Oligocene)
Unit 2 shows chaotic internal reﬂections, with variable am-
plitude, above the acoustic basement (Figs. 4, 6 and 8). Wedge-
shaped seismic packages in Unit 2 tend to thin towards the foot-
wall of basin-boundary faults (Figs. 4 and 8). These packages are 
interpreted as syn-rift strata. In the central part of the Baiyun Sag, 
Unit 2 is marked by sub-parallel seismic reﬂections (Figs. 4 and 6). 
Unit 2 onlaps the underlying basement and the ﬂanks of basement 
highs (Figs. 4 and 8). Horizon T7 bounds Unit 2 at the top and rep-
resents an Early Oligocene ‘breakup unconformity’ in the Baiyun 
Sag (Figs. 4–8).
Data from adjacent industry wells (Li and Rao, 1994) suggest a 
Paleocene to Early Oligocene age (65 to 32 Ma) for Unit 2, which 
comprises alluvial sands, shales and volcanic sequences (Shenhu 
Formation), followed by lacustrine shales intercalated with thin-
bedded sandstones and siltstones (Wenchang Formation; Fig. 2). 
Fluvial-lacustrine shales and sandstones also occur within Unit 2, 
as part of the Enping Formation (Li and Rao, 1994). Altered vitric-lithic tuffs and basaltic ash, dated as 35.5 ±2.8 Ma (early Oligocene 
to late Eocene), were drilled by well BY7-1 (Fig. 7).
4.3. Unit 3 (Late Oligocene-earliest Miocene)
Unit 3 is bounded at its base by a ‘breakup unconformity’ (T7) 
and at its top by volcanic complexes and carbonate intervals drilled 
by wells BY2 and BY7-1 (Horizon T5; Figs. 4–8). Its base (T7) on-
laps and drapes syn-rift strata in Unit 2. Borehole data shows the 
top of Unit 3 as marking an important change in depositional en-
vironments within the Baiyun Sag, from shallow-marine to open 
marine depositional environments (Figs. 6 and 7).
Based on its seismic character and geometry, Unit 3 is clearly 
not uniform in the Baiyun Sag. Thus, in this study we subdivide 
Unit 3 into sub-units 3A and 3B, which in effect comprise two 
distinct seismic packages separated by T6 (Figs. 4–8). Horizon T6
comprises a ∼23 Ma unconformity at wells BY2 and BY7-1 and at 
ODP Site 1148. It is recognised as a moderate to high-amplitude 
horizon with relatively good continuity (Figs. 4–8).
Sub-unit 3A shows parallel to sub-parallel internal reﬂections 
with low to moderate amplitude, and semi-discordant igneous sills 
of high-amplitude (Figs. 4–8). The sedimentary rocks forming this 
84 F. Zhao et al. / Earth and Planetary Science Letters 445 (2016) 79–91Fig. 5. 3D seismic proﬁles showing Volcanic Complex I in detail. See locations in Fig. 3b. In (a) and (b), mounded structures (M8 to M13), igneous sills (S1 to S17), zones of 
dim reﬂections (DRZ) and shallow gas are labelled. Horizon T5 coincided with the top of Volcanic Complex I. Seventeen igneous sills are imaged in this area as concordant 
or “transgressive” intrusions. (c) Three dimensional visualisation of Horizon T5 highlighting the structural alignment of mounds in the Baiyun Sag.unit comprise Upper Oligocene deltaic to marginal marine sand-
stones, with shales, volcanics and limestones (Fig. 2). In well BY2, 
sub-unit 3A includes Oligocene volcanic rocks towards its upper 
part (Fig. 6). In well BY7-1, sub-unit 3A is recognised by the occur-
rence of intrusive dolerites at 2845 m below the seaﬂoor (Fig. 7).
Sub-unit 3B comprises a series of volcanic complexes and in-
terbedded carbonates crossed by wells BY2 and BY7-1 (Figs. 6
and 7). Carbonates likely accumulated in shallow-marine environ-
ments (∼5–30 m), but alternate with deeper and sub-aerial facies, 
a character suggesting multiple pulses of relative sea-level rise 
and fall. The time interval during which the volcanic complexes 
and limestones were formed correlates with the opening of the 
Southwest Sub-basin. Similar unconformities topped by carbonate 
deposits have been documented on both northern and southern 
SCS margins, namely in the western PRMB, the northern Dongsha 
Islands, the Qiongdongnan Basin, Dangerous Grounds and the Reed 
Bank area (Fig. 1b; Ding et al., 2015).
In the Baiyun Sag, the sedimentary environment changed from 
shallow- to deep-marine after the Early Miocene unconformity (T5) 
(Fig. 3). Units 2 and 3 thicken towards the northeast, accompanying 
the observed deepening of the Baiyun Sag in the same direction 
(Figs. 1b and 4).
4.4. Unit 4 (late Early Miocene to Holocene)
Unit 4, late Early Miocene to Holocene in age, can be subdivided 
into two seismic sub-units (Figs. 4–8). It lies directly on the top of 
volcanic complexes and carbonate intervals in Unit 3 (Figs. 4–8). 
Its base is coincident with Horizon T5, a prominent unconformity 
occurring at the top of the interpreted volcanic complexes. An age 
of ∼18 Ma is inferred for Horizon T5 based on stratigraphic data 
from well BY7-1.
Sub-unit 4A is characterised by continuous parallel reﬂections 
of low to moderate amplitude, which often onlaps the underly-
ing sub-units 3A and 3B (Figs. 4–8). Sub-unit 4A (Lower Miocene) comprises muddy sandstones and siltstones, with minor amounts 
of claystones (Fig. 7). On borehole data is also observed a ﬁnning-
upwards trend in Unit 4A, suggesting a progressive rise in sea level 
towards its upper part (Fig. 7).
Sub-unit 4B spans the Middle Miocene to Holocene and shows 
continuous, moderate- to high-amplitude reﬂections (Figs. 4 to 8). 
It changes into chaotic, transparent reﬂections with variable ampli-
tude towards its top (Figs. 4 to 8). Strata forming this unit are com-
posed of claystones and siltstones with minor sandstones (Fig. 7). 
Seismic data interpreted along the northern slope of Baiyun Sag re-
veal the presence of migrating submarine canyons within sub-unit 
4B, and sediment drifts deposited by strong deep-water currents 
(Figs. 5 and 6).
5. Morphology of volcanic complexes
5.1. Volcanic Complex I
Mounded features in Volcanic Complex I are observed in the 
central part of the Baiyun Sag (Fig. 3). The interpreted 3D seis-
mic data reveal 28 mounded structures and numerous high ampli-
tude acoustic anomalies in this ﬁrst complex (Figs. 3b and 4). The 
mounded structures have diameters of 0.5 km to 3.0 km, heights 
of 240 m to 840 m, and ﬂank dips of 10◦ to 32◦ (Figs. 4 and 5). At 
their base, the mounds correspond to a locally discontinuous, low-
to high-amplitude positive reﬂection (BM), which is sub-parallel 
to the underlying strata (Figs. 4 and 5). The mounds are bounded 
at their tops by a moderate- to high-amplitude positive reﬂection 
(TM) that is onlapped by strata in sub-unit 4A (Figs. 4 and 5). 
Figs. 4 and 5 highlight the complex, and often chaotic, internal 
seismic character of the mounds downlapping onto horizon BM. 
Most of the mounds occur above “acoustically dim” zones. Other 
mounds are developed close to the upper tips of faults, which 
extend downwards into the deeper strata (Figs. 4 and 5). Gen-
F. Zhao et al. / Earth and Planetary Science Letters 445 (2016) 79–91 85Fig. 6. (a) Seismic section crossing well BY2 which penetrated the eastern ﬂank of a structural high in the Baiyun Sag. Igneous sills, lava ﬂows and shallow gas in Volcanic 
Complex I are labelled. Gamma-ray (API) and sonic log (μs ft−1) data are shown. See location of the seismic section in Fig. 3b. (b) Correlation panel between well BY2 and 
seismic section (a) showing the stratigraphic architecture of the breakup sequence. The breakup sequence comprises deltaic to marginal marine sediments, shallow marine 
volcanic sediments with interbedded carbonate intervals. Photomicrographs show data from four sidewall cores drilled in well BY2 and highlight the severely altered basalt. 
The locations of photomicrographs from the four sidewall cores are labelled in the ﬁgure. Fdol – Fe dolomite; pl – plagioclase; p – pyroxene; Si – siderite; afm – altered 
ferromagnesian minerals; TS – thin section.tle folds developed above volcanic mounds result from differential 
compaction (Figs. 4 and 5).
Mounds form discrete volcanic ediﬁces and are developed be-
tween two distinct seismic horizons. In the study area, 26 mounds 
occur immediately above Horizon T5 (∼18 Ma). Five of these 
mounds have been interpreted by Zhao et al. (2014), who con-
sidered them to be sill-fed volcanic mounds. Two other volcanic 
mounds occur at the level of Horizon T6 (∼23.8 Ma) (Fig. 4). The 
consistent observation of onlapping reﬂections onto the volcanic 
ediﬁces suggests T6 and T5 to represent the seaﬂoor at the time of 
mound emplacement (Figs. 4 and 5).
A number of discordant, high-amplitude anomalies have saucer-
shaped, sheet-shaped, stacked and composite geometries (Figs. 5
and 6). These structures have widths of 0.5 to 12 km and are likely igneous sills similar to those documented on Atlantic continental 
margins (e.g. Trude et al., 2003; Planke et al., 2005; Figs. 4 to 6). 
The lateral terminations of several igneous sills coincide with nor-
mal faults (S1–4; Figs. 5). In general, the igneous sills observed 
at shallow depths are imaged either as sub-parallel reﬂections 
(S5–11; Fig. 5b) or cross-cutting intrusions (S3; Fig. 5b). Deeper 
sills are more continuous than the shallower ones, forming con-
cordant intrusions (S1, S3; Fig. 5).
The sheeted or stacked high-amplitude anomalies observed 
around volcanic mounds are interpreted as lava ﬂows onlapped by 
overlying strata (Figs. 4–6). As documented in wells BY2 and BY7-1, 
these lava ﬂows are interbedded with thin-bedded carbonate and 
siliciclastic intervals. High-amplitude negative anomalies (‘soft-on-
hard’), which are located directly above lava ﬂows and vertically 
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and high-amplitude events that terminate upward at Horizon T2. See Fig. 3b for the location of the seismic proﬁle. (b) Correlation between seismic and borehole data from 
well BY7-1. To the right are shown photomicrographs from sidewall cores acquired between 2410 and 2845 m through M1. They show biomicrite, olivine basalt, water-rich 
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identiﬁed close to Horizon T2 (Figs. 5 and 6). We interpret them 
as shallow gas accumulations, trapped in differential compaction 
folds above the volcanic complex (Figs. 5 and 6).
5.2. Volcanic Complex II
Volcanic Complex II is developed above syn-rift strata and asso-
ciated basement tilt blocks (Figs. 3, 4, 7 and 8). Volcanic Complex II 
occurs at a depth between 2000 m and 3500 m below seaﬂoor 
(c. 3.0 s TWT), and comprises 61 mounds, nine dome-shaped folds 
and numerous igneous sills (Figs. 3, 4, 7 and 8). Except for M19, 
mounds in Volcanic Complex II are developed below Horizon T4
(top of Zhujiang Formation; Figs. 4, 7 and 8). This latter mound is 
included in Volcanic Complex II as it occurs in the same geograph-
ical area.
Mounds in Volcanic Complex II are distinctively sub-circular in 
plan view (Fig. 8b), and show dome-shaped geometries on seis-
mic proﬁles (Figs. 4, 7 and 8). They often occur as symmetri-
cal or asymmetrical geometry and have rough ﬂanks. They are 
0.5–10 km-wide, 250–710 m-tall and have ﬂank dips of 2◦–28◦ . Their base coincides with a ﬂat-lying, moderate- to high-amplitude 
positive reﬂection (BM). On their top is observed a continuous 
high-amplitude positive reﬂection (TM) that is clearly onlapped by 
overlying strata (Figs. 4, 7 and 8). In contrast to the majority of the 
mounds described in Volcanic Complex II, the top of mounds M15 
and M16 comprise low-amplitude negative reﬂection that are on-
lapped by adjacent strata (Fig. 7a). This may indicate gas is present 
in mounds M15 and M16. The internal seismic character of these 
mounds is complex with chaotic seismic facies that downlap onto 
the BM surface (Figs. 4, 7 and 8). Mound M19 is distinct from 
the underlying structures by showing a symmetrical geometry and 
smooth ﬂanks. This indicates Mound M19 has a different origin 
and is interpreted as a hydrothermal vent (e.g. Planke et al., 2005;
Magee et al., 2013b). Despite being associated with the remainder 
of Volcanic Complex II, mound M19 was likely emplaced at a later 
time (Fig. 8).
Fig. 8c shows a coherence slice at 2660 ms (TWT) highlighting 
the sub-circular shape of volcanic mounds in Volcanic Complex II. 
The mounds are characterised by low coherence in plan view 
(Fig. 8c). Fifty of these mounds were developed above or along 
faults. These faults are observed as NW-trending features with low 
F. Zhao et al. / Earth and Planetary Science Letters 445 (2016) 79–91 87Fig. 8. (a) Stratigraphic correlation along a N–S proﬁle from the Baiyun Sag showing sill-related forced folds and mounds at two distinct stratigraphic levels. Note that most 
mounded structures occurred above Horizon T5 (late Early Miocene). In contrast, mound M19 was formed close to Horizon T3 (Middle Miocene). Normal faults and zones 
with dimmed reﬂections are labeled in the ﬁgure. See location of the seismic proﬁle in Fig. 3b. (b) Time structure map of the top of Volcanic Complex II at Horizon T5
illustrating the distribution of volcanic mounds and forced folds. (c) Coherence map from a depth of 2660 ms imaging the volcanic mounds and forced folds at Horizon T5, 
towards the western part of the study area. Volcanic mounds and forced folds show low coherence and are highlighted on the map. Numerous faults and fractures are 
observed within the mounds.coherence (Fig. 8c). Several vertical chimney structures, recognised
as zones of chaotic to low-amplitude reﬂections, are observed be-
neath the mounds (Figs. 4, 7 and 8). The strata above Horizon TM 
is offset by faults that cross the entire section up to T2 or even T1, 
indicating Late Miocene to Pliocene reactivation (Fig. 8).
Nine domal folds occur immediately above the igneous sills and 
are onlapped by the overlying strata (Figs. 2b and 8). They have di-
ameters of 0.5 to 2.8 km and heights of 140 to 560 m. The spatial 
extent of the folds closely corresponds to the emplacement of the 
sills, suggesting a direct relationship between emplaced sills and 
domal folds. These structures are similar to those identiﬁed along 
the Atlantic margin and are interpreted as forced folds formed 
by the intrusion of underlying igneous sills (Trude et al., 2003). 
Strata between Horizon TM and Horizon T3, above mound M15, is 
also folded (Fig. 7a). It has been suggested that the folded struc-
tures are related to differential compaction (Zhao et al., 2014). Fold 
angles are steeper close to M15 and become smoother upwards 
towards Horizon T2. Bright to chaotic seismic reﬂections are ob-
served within some of the folds that overlie the volcanic domes, 
and are interpreted as free gas accumulations (Figs. 7 and 8). The 
putative occurrence of gas implies that ﬂuid ﬂow into local struc-
tural traps occurred after the volcanic mounds were buried.
6. Volcanic complexes at Well BY7-1 and BY2
Two industry wells, BY2 and BY7-1, were drilled in the re-
gion where Volcanic Complexes I and II occur (Figs. 3, 4, 6 and 
7). Well BY2 drilled vertically stacked lava ﬂows in Volcanic Com-
plex I, within Upper Oligocene to Lower Miocene strata (Fig. 6). 
Volcanic intervals in well BY2 show P-wave velocities in the range 
of 3047 m/s to 4688 m/s, and high gamma-ray values (Fig. 6b). An important piece of information is that well BY2 drilled sev-
eral stratigraphic intervals characterised by basalt lavas and tuffs, 
which are interbedded with carbonate sediments and terrestrial 
clastics. These intervals occur at a depth of 4100–4850 m in well 
BY2 (Fig. 6b). Acidic volcanic rocks, including dacites and rhyolites 
were encountered at depths of 4490–4500 m, 4515–4540 m and 
4820–4850 m (Fig. 6b). Four sidewall core samples were acquired 
at a depth of 4100–4800 m (Fig. 6). The cores contained altered 
basalt lavas and tuffs. The principal minerals of the altered vol-
canic rock are plagioclase, pyroxene and altered ferromagnesian 
minerals (Fig. 6b). Basalt has been widely replaced by siderite, 
chert and Fe-dolomite, which ﬁlls some of the observed fractures 
(Fig. 6b).
Well BY7-1 drilled through the eastern part of mound M1, 
through Pliocene, Upper Miocene and Middle Miocene marine 
claystones, and Lower Miocene marine sandstones and siltstones 
(Fig. 7). Well BY7-1 penetrated a 420 m-thick succession of basaltic 
lavas and tuffs, once again intercalated with thin-bedded lime-
stones and sandstones (Fig. 7b). Below the volcanic deposits were 
drilled 197 m of Early Miocene sandstones with minor limestones, 
shales and tuffs (Fig. 7b). Wireline log data suggests the lithol-
ogy of the mounds is distinct from surrounding sedimentary rocks, 
with P-wave velocities of 1692–3047 m/s being recorded in sedi-
ments vs. 3808–5540 m/s within mound M1 (Fig. 7b). Low gamma 
ray (GR) and high resistivity values are common in mound M1, 
with cyclic log responses reﬂecting multiple extrusive events. In 
contrast, wireline-log responses for strata above M1 show high P-
wave velocities and high gamma ray (GR) values (Fig. 7b).
In mound M1 were drilled eleven limestone layers, interca-
lated with basaltic lava and ash. Limestone beds consist mainly 
of encrusting algae, benthic forams, bryozoans, sponge spicules 
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marine depositional environment. Their thickness varies from 
0.75 m to 9.0 m. The intercalation of extrusive rocks and sediments 
suggests that there must have been relatively signiﬁcant hiatuses 
in volcanic activity. This observation provides compelling evidence 
that magmatism is prolonged in the Baiyun Sag during the for-
mation of Volcanic Complexes I and II, as also suggested for the 
Bight Basin in SW Australia (Magee et al., 2013b). Here, the authors 
suggested that prolonged magmatism reﬂected the incremental in-
jection of magma in the plumbing system. We concur with this 
interpretation for the Baiyun Sag too, particularly within a con-
text of progressive continental breakup and tectonic-plate stress 
readjustment as the SCS was being formed.
At well BY7-1, ﬁve sidewall cores sampled intermediate and ba-
sic extrusive rocks within and below mound M1, from 2410 m to 
2845 m below the seaﬂoor (Fig. 7b). Sampled rocks consist of al-
tered amygdaloidal basalt lavas and tuffs with lava and basaltic 
glass fragments (Fig. 7b). Primary minerals of this partially al-
tered basalt are plagioclase, pyroxene, opaque minerals and olivine 
(Fig. 7b). Zeolite is the main cement and is accompanied by cal-
cite cement in fractures (Figs. 7b). The geochemical analyses re-
veal that the volcanic rocks in Zhujiang Formation are alkaline 
basalts with OIB-type geochemical features similar to the dredged 
basalts from offshore Taiwan (Que et al., 2013; Wang et al., 2012;
Lester et al., 2014). Gas-bearing intervals with high water satura-
tions have been identiﬁed at 2117 m to 2131 m in Well BY7-1, 
above Horizon T5 (Fig. 7a). Wireline data display low P-wave ve-
locities and low gamma-ray values through this same interval 
(Fig. 7b). These zones are correlated on seismic with negative seis-
mic reﬂections (i.e. ‘soft-on-hard’), which are interpreted as gas 
accumulations (Fig. 7a).
7. Age and petrographic composition of volcanic mounds and 
intrusive bodies
At well BY2, no dates are provided for volcanic rocks in Com-
plexes I and II. However, biostratigraphic data from mudstones im-
mediately above and below the volcanic complexes show that lavas 
and tuffs were erupted in a time period that spans from the Late 
Oligocene (∼24 Ma) to the Early Miocene (∼20 Ma). These dates 
suggest that the lavas and tuffs encountered in well BY2 erupted 
between 24 Ma and 20 Ma.
The timing of igneous activity in the Baiyun Sag was further 
constrained at BY7-1 using seismic-borehole ties complemented 
by nannofossil dating and K–Ar dating methods. The two side-
wall cores retrieved from BY7-1 contained nannofossil indicating 
an Early Miocene age for mound M1. In addition, K–Ar data re-
turned a probable peak age of 17.6 ± 1 Ma for the same two side-
wall cores (Yan et al., 2006). A deeper sidewall core was acquired 
below mound M1, at depth of 3500 m. Estimated K–Ar dates for 
basalts in this core yielded an age of 35.5 ± 2.8 Ma (Yan et al., 
2006). As a result, two volcanic episodes can be recognised in the 
Baiyun Sag based on well BY7-1: (1) a ﬁrst episode of explosive 
volcanism and deposition of tuffs, consistent with a Late Eocene 
age (∼35.5 Ma), and (2) a second episode of voluminous basaltic 
lava eruptions at ∼17.6 Ma (Early Miocene).
The majority of mounds in the second episode formed around 
17.6 Ma, bar two (M2 and M11) with an age of ∼23.8 Ma 
(Figs. 4a and 5b). This constrains the relative timing of two ig-
neous episodes between the base of the Early Miocene (T6) and 
the late Early Miocene (T5). The likely origin of these mounds is 
submarine, with magmatic conduits being fed by basalt magma. 
The volcanic sequences cored in well BY7-1 display sharp tran-
sitions from tuffs to lava ﬂows (Fig. 7b). This character suggests 
that these sequences formed during magmatic effusive to explosive 
events. Lateral and vertical facies variations also show sedimentary structures reﬂecting hiatuses in volcanic eruptions, and suggesting 
multiple extrusive events (e.g. Magee et al., 2013b).
8. Discussion
8.1. The case for prolonged magmatism during continental breakup
The two volcanic complexes identiﬁed in the Baiyun Sag com-
prise 88 volcanic mounds, multiple igneous sills with associated 
forced folds (Figs. 4–8). Both intrusive and extrusive features are 
linked to normal faults and underlying chimney structures, which 
formed vertical ﬂuid-migration pathways facilitating the transfer of 
magma towards the surface (Figs. 4–8). Chimney structures are of-
ten imaged as zones of chaotic or disrupted seismic reﬂections, and 
are likely relate to the presence of igneous dykes (Jaunich, 1983;
Svensen et al., 2004; Planke et al., 2005). Subsurface magma ﬂow is 
closely controlled by pre-existing faults, which comprise both hor-
izontal baﬄes and preferential vertical pathways for the intrusion 
of magma (Magee et al., 2013a). In this study, interpreted syn-rift 
normal faults provide suitable conduits for magma in the Baiyun 
Sag. A deep-seated mantle plume can be excluded as there is no 
evidence for such a plume in the SCS. Given evidence from previ-
ous studies, the most likely explanation for the occurrence of the 
Early Miocene alkaline basalts implies from regional lithospheric 
extension following continental breakup, and onset of seaﬂoor 
spreading in the SCS (Wang et al., 2012; Lester et al., 2014).
The relative distribution of interbedded extrusive and sedimen-
tary rocks in the Baiyun Sag suggests magmatism in the northern 
margin of the SCS to reﬂect a multi-stage evolution, with more 
than two phases of volcanic activity occurring from the end of the 
Oligocene. The majority of the investigated mounds were emplaced 
between T6 and T5 (Early Miocene) i.e., they occurred after the 
onset of continental breakup in the northern SCS (Fig. 4b). Fur-
thermore, the occurrence of two mounds near Horizon T6 ﬁts well 
with the onset of seaﬂoor spreading in the Southwest Sub-basin 
at ∼23.6 Ma, based on deep-tow magnetic modelling and micro-
fossil age of recovered cores from IODP Expedition 349 (Li et al., 
2014). It has been suggested that Horizon T6 is the ﬁrst episode 
of magmatic activity after continental breakup was initiated, but 
not fully completed, through the entire SCS (Li et al., 2014). This 
magmatism was likely induced by regional stress readjustments 
in the SCS, with subsequent reactivation of pre-existing faults in 
the Baiyun Sag – which opened up to form conduits for magma 
sourced from the base of the lithosphere.
Some of the interpreted volcanic mounds show onlap termi-
nations above horizon T5, a character suggesting that a second 
episode of magmatic expulsion and reactivation of mound-feeding 
conduits occurred at the end of the Early Miocene (Fig. 8). Thus, 
strata between horizons T7 and T5 are here correlated with the 
main period of magmatic activity in the Baiyun Sag, and putatively 
bound a breakup sequence sensu (Soares et al., 2012, 2014) span-
ning the Early Oligocene–Early Miocene (Figs. 2–7). In contrast, 
older Late Eocene explosive volcanism is associated syn-rift phase. 
We suggest that the slow cessation of magmatism observed during 
continental breakup is due to: a) slow ocean spreading, with the 
mid-ocean ridge of the SCS, which remained close to the Baiyun 
Sag after continental breakup due to the complex evolution of the 
region; b) prolonged rifting and crustal stretching in the northern 
SCS, with underlying igneous materials using active rift faults to 
extrude magma onto the surface, or c) upwelling of the astheno-
sphere during the breakup of northern South China Sea (Fig. 4b).
8.2. Tectono-stratigraphic evolution of the Baiyun Sag during 
continental breakup
The timing and signiﬁcance of depositional changes within the 
Early Oligocene–Early Miocene breakup sequence is addressed in 
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this section (Fig. 10). As previously described, sediments in Unit 3 
are deposited in relatively variable tectonic and depositional set-
tings. Subsidence curves for the Baiyun Sag in Xie et al. (2014)
reveal signiﬁcant pre-rift subsidence, whereas the interval between 
T7 and T6 is characterised by moderate subsidence rates (Fig. 9). 
A period of rapid subsidence period with rates >300 m/My oc-
curred during the deposition of sub-unit 3B and was followed by a 
decrease in rate of subsidence at ∼18 Ma (Fig. 9).
Before 18 Ma, subsidence rates are distinctly variable in the 
Baiyun Sag. At ﬁrst, sharp decreases in subsidence rate at ∼23 Ma 
and ∼18 Ma suggest that the Baiyun Sag experienced two sig-
niﬁcant tectonic events (Xie et al., 2014). In contrast, subsidence 
ensued after the Early Miocene (∼18 Ma) as conﬁrmed by the 
rapid deepening recorded in Fig. 9. Shi et al. (2005) suggested that 
rapid variations in subsidence rates in the Baiyun Sag were associ-
ated with enhanced magmatic activity, an interpretation consistent 
with the data in this paper.
Along the continental slope of the northern SCS, a series of 
well-developed submarine canyons document the progressive mi-
gration of their axes towards the NE from the Middle Miocene to 
the present-day (Zhu et al., 2010). It has been suggested that the 
submarine canyons are associated with the onset of bottom cur-
rent circulation in the Middle Miocene, reﬂecting the presence of 
a fully open basin from this time (e.g. Soares et al., 2014). Palaeo-
biogeographic evidence from ODP Site 1148 also suggests a strong 
imprint of bottom current circulation after the Middle Miocene in 
the SCS (Li et al., 2006), further corroborating this latter interpre-
tation.
Our work recognises distinct depositional units with the breakup 
sequence of the Baiyun Sag (Figs. 3, 6b, 7b and 10). Shallow-marine 
conditions are recorded in the Baiyun Sag from the onset of con-
tinental breakup in the northern part of the SCS (Early Oligocene), 
and, as documented in this work, the water depth increased from 
the late Early Miocene onwards. Enhanced igneous activity from T6to T5 favoured the development of shallow-water carbonates dur-
ing the Early Miocene, particularly over uplifting structural highs. 
Carbonate intervals also indicate minimal clastic input into the 
Baiyun Sag at this time. It appears that this decrease in silici-
clastic input, and the occurrence of igneous activity, was nearly 
synchronous in the study area. The T6 to T5 interval, in effect, 
reﬂects an abrupt switch from siliciclastic to mixed carbonate-
siliciclastic deposition, following stratigraphic evidence from ODP 
Site 1148 (Fig. 2). Here, a rapid increase in CaCO3 above the 
Oligocene/Miocene boundary suggests high rates of carbonate pro-
duction in sediment sources from the China mainland (Li et al., 
2006).
We consider that the onset of seaﬂoor spreading south of the 
Baiyun Sag is the most likely factor responsible for the relative sea-
level rise recorded in the Early Miocene, generating the accommo-
dation space necessary to enhance carbonate sediment productiv-
ity. Local variations in both subsidence rates and lithology during 
the breakup sequence indicate that the Baiyun Sag was tectonically 
active during the Early Oligocene–Early Miocene. With a continu-
ous rise in sea level, as recorded by the ﬁning upward sediments 
in sub-unit 4A, carbonate platforms in the SCS were drowned after 
the end of continental breakup (Fig. 10).
The recognition of signiﬁcant volcanism within the breakup 
sequence takes into account the tectonic and sedimentological 
changes observed during continental breakup in the SCS. The de-
position of the breakup sequence suggests that important changes 
in terms of magma emplacement and depositional environment 
occurred after the continental breakup event was initiated. In ad-
dition, we suggest that important changes in oceanic circulation 
occurred after continental breakup was established throughout the 
entire SCS, with the record of such changes being preserved in the 
migrating submarine canyon systems developed on the continental 
slope.
9. Conclusions
New high-resolution 3D seismic data were used to investigate 
the origin of two volcanic complexes in the deep-offshore Baiyun 
Sag, south of the Pearl River Mouth Basin. The observed volcanic 
complexes include eighty-eight (88) volcanic mounds, numerous 
igneous sills and lava ﬂows. Petrological analyses from borehole 
sidewall cores suggest the volcanic mounds comprise basalt lavas 
and tuffs intercalated with thin-bedded limestone and clastic beds. 
The basaltic lavas are hydrothermally altered. The limestone inter-
vals penetrated within mound M1 and associated lava ﬂows show 
the two volcanic complexes were generated during multiple ex-
trusion events. The occurrence of intrusive and extrusive features 
is indicative of magma expulsion at the seaﬂoor and represents a 
chronological marker for the timing of magmatic activity.
Nannofossil and K–Ar data obtained from sidewall cores drilled 
in Volcanic Complexes I and II suggest that magma emplacement 
occurred in multiple events during the Miocene. Therefore, the 
study area is an example of moderate magmatism occurring as 
continental breakup progressed in the SCS from NE to SW. As a 
result, volcanism in the Baiyun Sag occurred during continental 
breakup in two major stages: (1) two volcanic mounds formed 
near Horizon T6 (Oligocene/Miocene boundary), and are associ-
ated with the onset of seaﬂoor spreading in Southwest Sub-basin; 
(2) eight-six (86) volcanic mounds and numerous igneous sills 
dated as Early Miocene are clearly associated with continental 
breakup in the SCS, extending to the top of a putative break-up 
sequence in the Baiyun Sag.
This study provides evidence that the continental breakup 
initiates important changes in the depositional architecture of 
continental margins, within a well-deﬁned breakup sequence. The 
sedimentological changes recorded in the Baiyun Sag reﬂect a 
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Seaﬂoor; BU – Breakup unconformity.tectonically active environment during the development of an 
Early Oligocene–Early Miocene breakup sequence. As a corollary, 
the onset of deep-water circulation recorded after the breakup se-
quence marks the establishment of oceanic circulation in the newly 
formed South China Sea.
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